Monocyte chemoattractant protein-1 (MCP-1) stimulates the migration of monocytes to inflammatory sites, leading to the progression of many diseases. Recently, we described a monocyte-targeting peptide amphiphile micelle (MCP-1 PAM) incorporated with the chemokine receptor CCR2 binding motif of MCP-1, which has a high affinity for monocytes in atherosclerotic plaques. We further report here the biomimetic components of MCP-1 PAMs and the influence of the nanoparticle upon binding to monocytes. We report that MCP-1 PAMs have enhanced secondary structure compared to the MCP-1 peptide. As a result, MCP-1 PAMs displayed improved binding and chemoattractant properties to monocytes, which upregulated the inflammatory signaling pathways responsible for monocyte migration. Interestingly, when MCP-1 PAMs were incubated in the presence of prostate cancer cells in vitro, the particle displayed anticancer efficacy by reducing CCR2 expression. Given that monocytes play an important role in tumor cell migration and invasion, our results demonstrate that PAMs can improve the native biofunctional properties of the peptide and may be used as an effective inhibitor to prevent chemokine−receptor interactions that promote disease progression. (1) Deshmane, S. L.; Kremlev, S.; Amini, S.; Sawaya, B. E. Monocyte Chemoattractant Protein-1 (MCP-1): An Overview. J. Interferon Cytokine Res. 2009, 29 (6), 313−326. (2) Goser, S.; Ottl, R.; Brodner, A.; Dengler, T. J.; Torzewski, J.; Egashira, K.; Rose, N. R.; Katus, H. A.; Kaya, Z. Critical role for monocyte chemoattractant protein-1 and macrophage inflammatory protein-1alpha in induction of experimental autoimmune myocarditis and effective anti-monocyte chemoattractant protein-1 gene therapy.
INTRODUCTION
Monocyte chemoattractant protein-1 (MCP-1) is part of the family of C−C chemokines that promote monocyte and macrophage migration to sites of inflammation. 1,2 MCP-1 protein consists of 76 amino acids with three antiparallel βsheets followed by an α-helix surrounding the sheets; however, only the first loop composed of residue 13−35 is involved in the MCP-1 chemotactic activity. 3 MCP-1 contributes to arteriogenesis, as its upregulation promotes monocyte adhesion to the endothelium and infiltration into the subendothelial space within the vessel walls. 4, 5 In tumor cells, the binding of the MCP-1 protein to its receptor, C−C chemokine receptor type 2 (CCR2), promotes monocyte migration from the bone marrow to cancer metastatic sites. 6−8 MCP-1-CCR2 signaling also contributes to the upregulation of tumor-promoting genes and the recruitment of tumor-associated monocytes and macrophages, which further enhances cancer metastasis. 6, 9 It was reported that elevated MCP-1 and CCR2 expressions in patients with prostate, breast, colorectal, pancreatic, and ovarian cancers correlate with disease progression. 10−15 Therefore, there is a clear clinical relevance and need to develop an effective therapeutic that inhibits the interaction between MCP-1 and CCR2 in order to control cancer development and progression.
Over the past few decades, synthetic peptides have made significant clinical advancements in cancer therapy, particularly as angiogenesis inhibitors, tumor targeting moieties, and vaccines. 16, 17 Among their diverse functionalities (e.g., cell binding, enzymatic reactions, and immune responses), peptides can mimic aspects of the original protein and inhibit proteinreceptor interactions for combating tumor growth and progression. Moreover, synthetic peptides offer selective binding to receptors and enhanced penetration to tumors as potential advantages over other therapeutics, and have been shown to promote monocyte chemotactic activity by attracting monocytes to tumor sites, activating increased cytostatic and cytotoxic activity, thereby inhibiting tumor growth. 18−21 Additionally, peptide sequences that correlate to functional epitopes derived from the full protein can be easily synthesized and have the potential to maintain the mimetic properties and functions of the protein. 22 Despite these advantages, efficient delivery of synthetic peptides faces many challenges, including poor bioavailability and instability in systemic circulation due to protease cleavage. 23 To mitigate these disadvantages, peptides have been encapsulated within a nanocarrier. 24−28 Therapeutic nanoparticles have several advantages over traditional small molecules, including higher payloads, sustained release of drugs, and improved pharmacokinetic profiles. 29−33 To maximize drug delivery, we can tailor nanoparticles with specific physiochemical properties, such as their size and surface chemistry, while including multiple diagnostic or therapeutic agents. 34−39 To stabilize particles against rapid degradation, we can encapsulate them within a lipid layer containing watersoluble polymers such as polyethylene glycol (PEG). 40 This coating shields the nanoparticle from the immune system, prevents degradation, and increases circulation to improve drug accumulation and control drug release. 41 Over recent years, nanoparticle-based drug delivery systems have proven to promote diagnostic and therapeutic efficacy and reduce side effects by improving tissue specificity and bioavailability. 29,42−47 We and other researchers have developed nanoparticles with peptide moieties that successfully target monocytes for diagnostic and therapeutic treatments of inflammatory diseases like atherosclerosis. 48−52 Specifically, peptide amphiphile micelles (PAMs), self-assembled from a biologically active peptide "headgroup" and a hydrophobic "tail," were previously developed for monocyte targeting to monitor different stages of atherosclerosis in the aorta. 48 PAMs are advantageous over other nanoparticle-based platforms because of their intrinsic biocompatibility and modularity, and have been tailored for a wide range of applications. 53, 54 Moreover, the ability of PAMs to include a multivalent display of peptides and disassemble under certain stimuli allows for avidity, specific binding to target sites, and sustained drug release. 55, 56 To date, while successful, these investigations have been largely focused on the feasibility of nanoparticles for targeting applications in disease states, and the protein mimetic and biofunctional properties of monocyte-targeting PAMs themselves remain unknown. To bridge this knowledge gap, our current work aims to evaluate monocyte-targeting PAMs (MCP-1 PAMs) and its protein mimetic components through binding activity, chemoattractant property, and biocompatibility with monocytes. MCP-1 PAM-treated monocytes were also analyzed for differential gene expression in cytokine interaction, chemotaxis, and immune response by microarray. Given the significant role of MCP-1 and CCR2 in promoting cancer progression, we also extended our investigation on the inhibitory and cytotoxic effects of monocyte-targeting PAMs using prostate cancer cell lines in vitro. Our results suggest that the delivery of synthetic MCP-1 peptides within a micelle enhances the biofunctional properties of the peptide and has the potential to act as an effective therapeutic to hinder the interactions between chemokines and receptors that promote disease progression.
MATERIALS AND METHODS
2.1. Cell Culture Materials and Methods. Cell culture supplies including fetal bovine serum (FBS, Gibco, USA), RPMI-1640 growth medium (Gibco, USA), penicillin-streptomycin (Gibco, USA), 2mercaptoethanol (Gibco, USA), and phosphate buffered saline (Gibco, USA) were purchased from ThermoFisher Scientific. Dulbecco's modified Eagle's medium (DMEM) was purchased from Sigma-Aldrich. WEHI-247.1 (ATCC# CRL-1679) murine monocytes and 22Rv1 (ATCC# CRL-2505) and PC3 (ATCC# CRL-1435) prostate cancer cells were purchased through ATCC, used within six months, and subjected to mycoplasma testing. WEHI-274.1 murine monocytes were cultured and expanded in DMEM supplemented with 0.05 × 10 −3 M 2-mercaptoethanol, 1% penicillin-streptomycin, and 10% FBS. 22Rv1 and PC3 prostate cancer cells were maintained in RPMI-1640 growth medium supplemented with 10% FBS and 1% penicillin-streptomycin. All cell types were cultured in a humidified incubator at 37°C under 5% CO 2 . Cells at passage five were used and media was changed every 2−3 days.
2.2. Synthesis of MCP-1 and Scrambled Peptides. MCP-1 peptides were synthesized according to previous methods. 48 Residues 13−35 of the MCP-1 protein [YNFTNRKISVQRLASYRRITSSK] comprising the CCR2-binding motif of the protein or a scrambled peptide sequence [YNSLVFRIRNSTQRKYRASIST] was used. In order to achieve covalent conjugation to the micelle lipid tail, the motif was modified with a cysteine residue to the N-terminus. MCP-1 peptides (0.25 mmol) were synthesized with an automated peptide synthesizer (PS3, Protein Technologies, Tucson, AZ) using standard Fmoc-mediated solid phase peptide synthesis methods on a Wang resin. A cleavage cocktail of 94:2.5:2.5:1 vol % trifluoroacetic acid:1,2ethanedithiol:water:triisopropylsilane was used for peptide cleavage from the resin. Deprotected peptides were precipitated and washed twice with cold diethyl ether, dissolved in water, lyophilized, and stored at −20°C. Reverse-phase high-performance liquid chromatography (HPLC, Prominence, Shimadzu, Columbia, MD) was used to purify crude peptide mixtures. HPLC was performed on a Luna C4 column (Phenomenex, Torrance, CA) at 50°C using 0.1% formic acid in acetonitrile/water mixtures. Purified peptides were characterized by matrix-assisted laser desorption/ionization (MALDI) mass spectral analysis (Bruker, Billerica, MA). The expected mass peak for both peptides is [M + H] + = 2892 (Figures S1 and S2).
2.3. Synthesis of Peptide Amphiphiles. Peptides modified with a cysteine residue (10 mg, 3.5 × 10 −3 mmol) were conjugated to 1,2distearoyl-sn-glycero-3phosphoethanolamine-N-[maleimide-(polyethylene glycol)-2000] (DSPE-PEG(2000)-maleimide, 11.2 mg, 3.8 × 10 −3 mmol) though a thioether linkage in 3 mL of water. The reaction was allowed to proceed at room temperature for 24 h, after which the resulting product was purified and characterized as described above. The expected mass peak for both MCP-1 and scrambled peptide amphiphiles (PAs) are [M + H] + = 5830 ( Figures S3 and S4 ). Five mg of Cy5 was conjugated to 1,2-distearoyl-sn-glycero-3phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG(2000)amine) via an amide bond by adding an equal molar equivalent of Cy5 mono-N-hydroxysuccinimide ester to the lipid dissolved in 10 mM aqueous sodium carbonate buffer (pH 8.5, 2 mL). After 24 h, the product was purified and characterized as described above.
2.4. Self-Assembly of Micelles. MCP-1 and scrambled micelles were constructed by dissolving DSPE-PEG(2000)-MCP-1, scrambled, and/or Cy5 in methanol, mixing, and evaporating the mixture under nitrogen. The resulting lipid film was dried overnight under vacuum, hydrated for 30 min at 80°C in water or PBS, and allowed to cool to room temperature.
2.5. Transmission Electron Microscopy. To prepare negative staining samples for transmission electron microscopy (TEM), 50 μM PAM solutions were placed on carbon grids for 2 min. Filter paper was used to wick away excess liquid, after which the grids were washed with Milli-Q water. One weight percent phosphotungstic acid solution was placed on the grids for 2 min. The grids were then washed with Milli-Q water once again. Dried samples were immediately imaged on a JEM 2100-F TEM (JEOL Ltd., Tokyo Japan).
2.6. Particle Size and Zeta Potential Analysis. To confirm the presence of spheroidal micelles, stock solutions of 100 μM PAMs in PBS were analyzed using dynamic light scattering (DLS). Measurements were determined at 90°and 637 nm using a Dynapro Nanostar system (Wyatt, Santa Barbara, CA). 100 μM PAMs dissolved in water were used to measure zeta potential (Zetasizer Nano ZS, Malvern, Worcestershire, United Kingdom, n = 3).
Circular Dichroism.
A Jasco J-815 spectropolarimeter (Easton, MD) was used to perform circular dichroism (CD) spectroscopy. Peptide and PA solutions (100 μM) were analyzed at room temperature using 0.2 mm path-length cuvettes. Measurements from 190 to 265 nm with a 1 s averaging time and 1 nm bandwidth were recorded at 0.5 nm intervals. Data from five scans were obtained and averaged. CD spectra were fit using the Provencher & Glockner Method in order to quantify secondary structure.
2.8. Critical Micelle Concentration Assay. 1,6-Diphenylhexa-1,3,5-triene (DPH) fluorescence was used to determine the critical micelle concentration (CMC). Concentrations of MCP-1 and scrambled PA varied from 316 μM to 0.01 μM. A small amount of DPH dissolved in tetrahydrofuran (THF) was added to individual PA solutions to generate 1 μM DPH with a residual THF volume percentage of approximately 0.1. Solutions containing PA and DPH were allowed to equilibrate for 1 h and then measured using a Tecan Infinite 200 plate reader (Mannedorf, Switzerland). DPH was excited at 350 nm and the fluorescence emission was measured at 428 nm.
2.9. In Vitro Micelle Binding. Cy5-labeled amphiphiles were incorporated into MCP-1 PAMs and scrambled PAMs during synthesis at a 90:10 mol ratio of PAs:Cy5 amphiphiles. WEHI 274.1 murine monocytes (nonadherent cell type) were seeded at a cell density of 5 × 10 5 cells/well in 6-well plates. Fluorescently labeled micelles at 100 μM were incubated with monocytes for 1 h at 37°C. The cell suspensions were centrifuged, washed with PBS and fixed with 2.5% glutaraldehyde/ 1% paraformaldehyde (Electron Microscopy Sciences) onto glass coverslips. The cells were observed by a Confocal Laser Scanning Microscope 780 (Zeiss) at an excitation wavelength of 650 nm to visualize the micelle internalization from Cy5 (red fluorescence). The Cy5 fluorescence signal was quantified by ImageJ by measuring the average pixel intensity of each cell and subtracting from the background intensity.
2.10. Cytoskeleton Staining. Actin microfilament staining was performed to assess the ability of MCP-1 PAMs to promote migration through cytoskeletal reorganization. 57 WEHI 274.1 were seeded on a 12-well plate for 18 h in growth media with 10 μM of MCP-1 or scrambled PAMs. After nonadherent cells were aspirated, the adherent fraction was washed and imaged using light microscopy. Murine macrophages were derived by culturing WEHI-274.1 in the presence of macrophage colony-stimulating factor and by collecting the adherent cells. These macrophages were plated on glass coverslips overnight and treated with 100 μM MCP-1 or scrambled PAMs for 4 h. Cells were washed three times with PBS, fixed (with 4% paraformaldehyde, 5 mM PIPES pH 6.8, 129 mM KCl, 20% sucrose), and stained for nucleus with DAPI and for actin with Alexa-568 phalloidin. The phallodin fluorescence signal was quantified by ImageJ by measuring the average pixel intensity of each cell and subtracting the background intensity. The units are arbitrary, pixel intensity, using the same staining conditions and image acquisition conditions (exposure, illumination intensity) in the same session. The averages for each condition were then normalized against the PBS control.
2.11. Chemotaxis Assay. A chemotaxis assay was performed in order to measure chemoattractant properties of MCP-1 PAMs. 50 000 monocytes suspended in 15 μL were briefly placed on the transwells of 96-transwell plates with 8 μm pores. The number of cells that migrated to the bottom of the plate containing PBS or 1, 10, 100, or 1000 μM MCP-1 PAMs, scrambled PAMs, MCP-1 peptides, scrambled peptides, or DSPE-PEG(2000)-methoxy suspended in PBS after 4 h was measured by lysing the cells via sonication and quantifying DNA via Quant-it Pico Green (Invitrogen, Carlsbad, CA).
2.12. In Vitro Cell Viability. In a 96-well plate, WEHI 274.1 murine monocytes were seeded at a density of 4000 cells/well in supplemented DMEM and incubated for 24 h. Different concentrations of MCP-1 PAMs, scrambled PAMs, MCP-1 peptides, scrambled peptides, and DSPE-PEG(2000)-methoxy in 10 μL of PBS were added to the wells. After 24 or 72 h, cell viability was determined by a (3-(4,5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) MTS assay (BioVision, Milpitas, CA), according to the manufacturer's instructions. IC 50 values were determined from the best fit of the cell viability (%) versus concentration (μM) plot. In the analysis, 100% viability using nontreated, healthy cells was used as a positive control and to normalize the data. For each assay, 6 different wells per concentration per treatment group were assessed (n = 6).
In vitro cell viability of 22Rv1 and PC3 prostate cancer cells were performed as described above, except they were seeded at 2000 cells/ well in supplemented RPMI 1640 media.
2.14. Microarray. Murine monocytes (1 × 10 6 ) were cultured within 24-well plates and 200 μL of PBS or 1 mM MCP-1 PAMs were added to 1800 μL of media (100 μM final micelle concentration) for 1 h at 37°C in a humidified incubator under 5% CO 2 (n = 4). Cells were washed with PBS and total RNA was extracted using the combination of TRIzol (Life Technologies, Carlsbad, CA) and the RNeasy Mini Kit (QIAGEN, Venlo, The Netherlands). The quality of the RNA was assessed via a 2100 Bioanalyzer (Agilent, Santa Clara, CA). High-quality RNA (RNA integrity number >8.0) was used for the array experiment and 250 ng of total RNA was used to synthesize cRNA. cRNA was prepared using the Illumina TotalPrep-96 RNA Amplification Kit (Life Technologies, Carlsbad, CA) and was profiled on an Illumina BeadChip MouseWG-6 V2.0 expression array (Illumina, San Diego, CA). After scanning by an Illumina HiScan, the raw probe intensities were background subtracted, log2 transformed and quantile normalized using the Illumina GenomeStudio (v2011.1) expression module. Probe level data were further filtered by detection p-value of ≤0.01 on at least 80% of the samples and batch effects among slides were removed by ComBat R program. 58 Processed data were analyzed using Partek Genomics Suite (v6.6, St. Louis, MO). ANOVA and multiple testing corrections were used to detect differentially expressed probes/genes. Gene expression was considered significantly altered when the false discovery rate (FDR corrected p-value) was q ≤ 0.05 and the fold change was ≥1.5. 59 Top GO terms and pathways enriched with the differentially expressed genes were identified using the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 tools (http://david.abcc.ncifcrf. gov/). 60, 61 2.15. Quantitative Real-Time Polymerase Chain Reaction. cDNA was generated by using a High Capacity cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA) for the microarray confirmation analysis and RT 2 First Strand Kit (Qiagen, Germany) for the CCR2 analysis based on manufacturer's instructions. cDNA was quantified using a LightCycler 480 SYBR Green I Master (Roche, Indianapolis, IN) for the microarray confirmation analysis and RT 2 SYBR Green qPCR Mastermix (Qiagen, Germany) for the CCR2 analysis. Beta actin (Actb) or Glyceraldehyde 3-phospahte dehydrogenase (GAPDH) served as the house keeping gene to determine relative abundances (fold change) of gene expression. The 2ΔΔCq method was used to quantify mRNA expression level. DNA primer sequences of amplified PCR products are listed in Table S1 .
2.16. Statistical Analysis. Data are expressed as mean ± SEM. A Student's t test was used to compare means of pairs and analysis of variance (ANOVA) using Tukey multiple comparison test posthoc analysis to determine significant differences among three or more means. A p-value of 0.05 or less was considered to be statistical significant.
RESULTS
3.1. Preparation, Self-Assembly, and Characterization of MCP-1 PAMs. The MCP-1 peptide sequence containing the CCR2-binding motif (residues 13−35) and an additional Nterminal cysteine, was synthesized and conjugated to the DSPE-PEG(2000) lipid tail via a thioether bond to yield MCP-1 PAs as previously described. 48 We designed and synthesized a scrambled peptide, lacking monocyte-targeting specificity but consisting of a similar secondary structure to the MCP-1 peptide (Table 1, Figure S5 ). Monocyte-targeting PAMs were selfassembled through thin-film hydration ( Figure 1A) . On the basis of the DPH assay, MCP-1 PAMs displayed a CMC of 2.7 μM (Table 1) . TEM confirmed spherical micelles and DLS confirmed a hydrodynamic diameter of 13.6 ± 2.4 nm ( Figure  1B , D, Table 1 ). MCP-1 PAMs displayed a slightly positive zeta potential of 11.0 ± 0.1 mV. The self-assembly of MCP-1 PAs within the micelle decreased the random coil content from 55.3 to 32.9%, whereas increasing the β-sheet composition from 36.2 to 60.4% ( Figure S6 and Table 1 ). Scrambled PAMs exhibited similar CMC, particle size, zeta potential, and enhanced secondary structure composition as MCP-1 PAMs ( Figure  11C , E, Figure S5 , and Table 1 ).
3.2. MCP-1 PAM Binding, Chemoattractant Property, and Biocompatibility on Monocytes. Micelle binding of MCP-1 PAMs and scrambled PAMs in the murine monocyte cell line WEHI 274.1 was visualized by CLSM imaging. To construct fluorescently labeled PAMs, we conjugated Cy5 onto DSPE-PEG(2000)-amine and mixed the DSPE-PEG(2000)-Cy5 with MCP-1 PAs or scrambled PAs at a 10:90 molar ratio, respectively. Previously, we determined that 10 mol % fluorophore-amphiphile provides the maximal fluorescence signal without quenching effects. 48 The Cy5-containing PAMs showed similar particle size and zeta potential to nonlabeled PAMs ( Figure S7 and Table S2 ). WEHI 274.1 cells were incubated with Cy5 fluorescently labeled PAMs for 1 h, and MCP-1 PAMs showed a 1.9-fold increase in binding of monocytes vs scrambled PAMs, which is in agreement with our previous reports (Figure 2A and B ). 48 We further examined the ability of MCP-1 PAMs to induce monocyte migration, similar to the native MCP-1 protein, by assessing actincontaining microfilaments ( Figure S8 ). We found a 20% increase in fluorescence Alexa-568 phalloidin staining indicating enhanced cellular actin polymerization in monocytes incubated with MCP-1 PAMs. In contrast, no difference in phallodin fluorescence intensity was observed in monocytes incubated with scrambled PAMs and the PBS control.
Next, we quantified the chemoattractant properties of MCP-1 PAMs. After 4 h incubation with 1−1000 μM of MCP-1 or scrambled peptides and PAMs, the amount of migrated monocytes through a transwell was measured via DNA quantification. As shown in Figure 2C , scrambled PAMs had 24.7 ± 0.7 and 73.4 ± 7.5 ng DNA/mL at 100 μM and 1000 μM, respectively. In contrast, MCP-1 PAMs had 42.1 ± 1.4 and 142.1 ± 14.3 ng DNA/mL at 100 μM and 1000 μM. In addition, the amount of migrated cells incubated with MCP-1 and scrambled peptides were only 2.2 ± 2.2 and 13.9 ± 2.8 ng DNA/mL at 1000 μM. At lower concentrations, no statistical difference was observed between PAMs and peptides, possibly due to the particle at near or below the CMC. DSPE-PEG(2000)-methoxy controls were similar to scrambled PAMs. Taken altogether, these data showed that when the MCP-1 peptide is within the micelle, chemoattractant properties are enhanced at higher concentrations compared to the free peptide. In vitro biocompatibility of the peptides and micelles with WEHI 274.1 using MTS assay ( Figure 2D and E) showed no decrease in cell (Figure 3 and Table S3 ). Of the 59 genes visualized, 57 genes have shown to have upregulation levels (≥1.5, red shade) when monocytes were induced with MCP-1 PAMs compared to monocytes treated from PBS, while only 2 genes (Topoisomerase III β, Top3b and member RAS oncogene family, Rab3a) were shown to have decreased in expression (blue shade). The highest genes upregulated after MCP-1 PAM treatment were chemokine (C-X-C motif) ligand 2 (Cxcl2) and tumor necrosis factor-α (Tnf-α), which exhibited 7.3-and 4.1-fold increases compared to the PBStreated group (Table S3 ). In addition, chemokine (C−C motif) ligands 2 and 4 (Ccl2, Ccl4), v-Fos FBJ murine osteosarcoma viral oncogene homologue (Fos), matrix metallopeptidase 13 (Mmp13), nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, zeta (Nf kbiz) also showed high upregulation for monocytes treated with MCP-1 PAMs (Table  S4) . Quantitative real-time PCR (qRT-PCR) was performed on 8 genes responsible for cytokine receptor interaction, chemotaxis, or immune response to validate the microarray data ( Figure  4 ). In agreement with the DNA microarray analysis, MCP-1 PAMs efficiently upregulated Ccl2, Ccl4, Cxcl2, Fos, Mmp13, Nf kbiz, and Tnf-α gene expression in monocytes, whereas Rab3a was downregulated. Regulators and pro-inflammatory mediators such as chemokines and interleukins were upregulated, while pathways involving monocyte effector functions were augmented with the treatment with MCP-1 PAMs. These data are consistent with previously published work that show relevant genes including Ccl2, Tnf-α, and interleukin-1β (Ilβ), were also 3.4. In Vitro Cytotoxicity on Prostate Cancer Cells. Targeting of the MCP-1-CCR2 axis has been proposed as a therapy for metastatic cancer. 6 Given that MCP-1 PAMs have protein-mimetic chemoattractant properties with monocytes, we investigated the use of MCP-1 PAMs on neoplastic cells, which could open a wide range of possibilities for cancer treatment. First, in vitro cytotoxicity assays of peptides and PAMs were carried out against 22Rv1 prostate cancer cells ( Figure 5A , Table  2 ). After 72 h of incubation with free MCP-1 and scrambled peptides, the IC 50 value of MCP-1 peptide was 23.8 μM, which was 3.2-fold lower than that of the scrambled peptide, confirming anticancer potential. Although the MCP-1 and scrambled peptides contained the same amino acids but in a different 
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Article DOI: 10.1021/acsbiomaterials.7b00600 ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX order, the cytotoxic effect in prostate cancer cells was found to be specific to the MCP-1 sequence (residue 13−35). Notably, this cytotoxic effect was not observed in monocytes ( Figure 2D , E). Cytotoxicity was further enhanced when the MCP-1 peptide was incorporated into the micelle. MCP-1 PAMs exhibited significantly increased anticancer efficacy, with IC 50 value of 10.3 μM, which was 2.3-times lower than that of free MCP-1 peptide (p = 0.0017). On the other hand, DSPE-PEG(2000)methoxy controls showed no toxicity (IC 50 > 100 μM), confirming that the PAM toxicity was caused by the MCP-1 peptide. The enhanced cytotoxicity of MCP-1 PAM could be attributed to increased cellular uptake of the nanoparticle compared to free peptide as reported in other systems. 64 Next, we also studied the in vitro anticancer efficacy on another prostate cancer cell line, PC3, which is used as a model for late-stage prostate cancer ( Figure 5B , Table 2 ), to further examine the therapeutic potential of MCP-1 PAMs for cancer applications. Both free MCP-1 and scrambled peptides showed little toxicity, with IC 50 > 100 μM. However, when the peptides were loaded within the micelles, the IC 50 value of MCP-1 PAMs decreased considerably to 1.7 μM, even more potent than in 22Rv1. Like 22Rv1, DSPE-PEG(2000)-methoxy micelles showed minimal cytotoxicity. Given that cancer cells display great morphological and phenotypical heterogeneity with respect to the cellular uptake of nanoparticles, MCP-1 PAMs may offer the ability to globally target a wide range of tumors and bypass these differences. 65 3.5. CCR2 Expression in Prostate Cancer Cells. Because the binding of MCP-1 is mediated by CCR2, and CCR2 expression has been shown to correlate with prostate cancer progression, CCR2 expression was evaluated on 22Rv1 prostate cancer cells when treated with peptides and PAMs via qRT-PCR. 11 22Rv1 prostate cancer cells were incubated with 5 μM of peptides and PAMs, a concentration that does not exhibit cytotoxicity, in order to assess for their effects on CCR2. As shown in Figure 6 , MCP-1 peptides downregulated CCR2 gene expression in 22Rv1 cells by 41%. MCP-1 PAMs further enhanced the downregulation of CCR2 by 65%, while unappreciable CCR2 changes were observed between PBS and scrambled peptide-treated groups. A slight decrease in CCR2 expression levels (30%) for scrambled PAMs was found. As CCR2 expression is lower in 22Rv1 than in PC3 prostate cancer cells, this could explain why MCP-1 PAMs were more effective in PC3, which is supported by the lower IC 50 value in PC3 cells (Table 2) . 66 Together these results indicated that MCP-1 PAMs could limit the progression of prostate cancers by suppressing CCR2 expression.
DISCUSSION
MCP-1 is the first tumor-derived factor that promotes monocyte migration in response to CCR2 signals. 67 Monocytes are recruited from the bone marrow and spleen to pro-inflammatory sites in tumors because of the upregulation of MCP-1-CCR2 interaction. 7 Tumor cells also produce MCP-1, which further stimulates monocyte proliferation, infiltration, and adhesion to cancer cells, thus leading to cancer metastasis. Considering the involvement of chemokines and their receptors in inflammation correlates with cancer progression, effective inhibitors that can block these interactions could provide a means to control the disease.
We have previously reported that MCP-1 micelles have preferential binding to monocytes and can detect varying levels monocytes that correspond to different stages of atherosclerotic plaques. 48 To expand this work and assess their utility in other diseases affected by monocytes, herein, we studied the biological properties of MCP-1 and its potential in cancer therapeutics. To that end, we incorporated the CCR2-binding motif (residue 13− 35) of MCP-1 within the construct of a micelle. Our results demonstrate that the secondary structure of the peptide within the micelle was enhanced to reflect the elevated β-sheet composition of the native protein's secondary structure. 68 Enhanced in vitro micelle binding and chemoattractant properties were observed for MCP-1 PAMs (Figure 2) . In contrast, we found that free MCP-1 peptides did not possess any chemoattractant capability. This can be explained by the enhanced secondary structure of MCP-1 within micelles, as well as the presence of PEG, which has been shown to enhance receptor binding and the chemotactic activity of peptides. 69 In addition, the increase in monocyte binding and chemotactic activity upregulated the expression of different chemokine and receptors like CCR2 and promoted inflammatory responses, which is consistent with the role of the endogenous MCP-1 protein (Figure 3 and 4) . 3, 20, 70, 71 Therefore, the biomimetic properties of MCP-1 was maintained within a micelle.
In contrast, MCP-1 PAMs exhibited significantly enhanced cytotoxicity in prostate cancer cells. Previously, Zachariae et al. demonstrated MCP-1 has anticancer activity in vitro by upregulation of FAS ligand protein expression, leading cancer cells into apoptosis. 19 Furthermore, Rafei et al. found that the binding of MCP-1 (residue 6−76) with CCR2 initiated proapoptotic responses through calcium flux, dephosphorylation of STAT3, and decreased pAKT pathways. 21 Koga et al. showed the MCP-1 mutant lacking amino acids 2−8 was able to prevent tumor angiogenesis and tumor growth in vivo by inhibiting the expressions of native MCP-1 and CCR2 in melanoma cells. 72 We further support these findings by showing that specifically, residue 13−35 of MCP-1 had antitumor efficacy in prostate cancer cells in vitro because of the downregulation of CCR2 ( Figure 6 ). When MCP-1 was incorporated within a nanocarrier, the IC 50 values were decreased by more than 4.5-fold and the CCR2 silencing effect was enhanced by 1.5-fold, likely due to its improved cellular uptake. 73 The MCP-1-CCR2 axis has been reported to trigger a series of signaling cascade that promotes chemotactic migration of monocytes. 74 The binding of MCP-1 to CCR2 induces MCPinduced protein MCPIP that results in cell death by inducing apoptotic genes, including subsets of the Bcl2 and Tnf family members. 62 Similarly, MCP-1 PAMs may provide a similar outcome, where the binding of MCP-1 PAMs to CCR2 initiates an inflammatory response and upregulates other transcripts involved in cell death. Future studies will assess whether MCP-1 PAMs can competitively inhibit the interaction of native MCP-1 protein with CCR2, which is known to elicit cancer progression and metastasis.
CONCLUSION
We investigated the protein mimetic properties of MCP-1 PAMs. The binding affinity and chemoattractant properties of MCP-1 PAMs were enhanced compared to the free peptide, and MCP-1 PAM upregulated inflammatory pathways upon microarray analysis in monocytes. For cancer cells, MCP-1 PAMs reduced the proliferation of prostate cancer cells by decreased CCR2 expression. Unlike conventional small molecule therapy, which lacks specificity and bioavailability, synthetic peptides, which is based on naturally occurring proteins, can be used to control biological functions and offer enhanced chemical and structural flexibility. Our findings show therapeutic potential of combining synthetic peptides into micelles to mimic the ability of the protein in the treatment of various diseases. 
